Magnetically functionalized PDMS-based micropillar arrays have been successfully designed, fabricated and implanted for controllable microfluidic mixing. The arrangement of PDMS micropillar arrays inside the microchannel can be flexibly controlled by external magnetic field. As a consequence, the flow fields inside the microchannel can be regulated at will via magnetic activation conveniently. When a microchannel implanted with such micropillar arrays, two microstreams can be mixed easily and controllably upon the simple application of an on/off magnetic signal. Mixing efficiencies based on micropillar arrays with different densities were 2 investigated and compared. It was found that micropillar arrays with higher density (i.e. smaller pillar pitch) would render better mixing performance. Our microfluidic system is capable of generating highly reproducible results within many cycles of mixing/non-mixing conversion. We believe that the simple mixing-triggering method together with rapid and controllable mixing control will be extraordinarily valuable for various biological or chemical applications in the future.
Introduction
Rapid and homogenous mixing of two or more liquids is of great importance in microfluidic systems for various chemical and biological processes [1] [2] [3] [4] . Mixing is however generally challenging in miniature devices due to the intrinsic laminar characteristics [5, 6] . During the past years, a variety of passive and active micromixers have been developed to improve the mixing efficiency. Passive mixers rely mainly on molecular diffusion or chaotic advection inside the microchannel [7] [8] [9] [10] . Such mixing process does not require external stimulus but relies on the geometric design to passively stretch or disrupt the fluid interfaces for enhanced mass transfer. Despite the low cost or no required stimulus, passive mixers generally demand a prohibitively long mixing route (a few centimeters) and lack the flexibilities of controllable mixing due to the pre-defined flow fields [11] .
In contrast, active mixers introduce external energy to generate perturbation for mixing effectuation [12] . To date, various triggering approaches, e.g. pressure [13] , acoustic [14] , and electric [15] , have been extensively developed for microfluidic applications. Normally, active mixers can yield better mixing results and are more controllable [16, 17] . However, most active mixers demand high power to achieve optimal results which usually lead to undesirable effects on targets such as cell or DNA. Furthermore, the integration of on-chip transducers (e.g. electrodes or valves) generally complicates the whole system and limits the compatibility with other on-chip components [18] . As a consequence, it is necessary to search for advanced approaches aiming at fast and controllable mixing while not complicating the whole microfluidic system.
In recent years, magnetism has been proved to be a promising fluid manipulation means in various microfluidic applications, such as sorting [19, 20] , pumping [21, 22] , trapping [23, 24] , and propulsion [25] . Magnetism-based fluid manipulation has advantages over other active types, including contactless communication between stimulus and targets, immunity from pH values or surface charges, and its non-invasive nature [26, 27] . Magnetism-based approach has already been well utilized for mixing control in microfluidic systems, such as mixing in parylene microchip by integrated magnetic stir bar under a rotating magnetic field [28, 29] . Ferrofluid was also reported as an efficient mixing medium inside the microfluidic chamber where full mixing could be obtained with a low magnetic flux density [30] .
Recently, artificial micropillars with embedded magnetic particles were successfully applied for mixing control under diverse magnetically actuated beating motions [31, 32] . For example, Chen et al.
integrated a single magnetic micropillar array inside the microchannel for mixing enhancement. In their work, a built-in magnetic coil system was adopted to induce various beating trajectories of the artificial cilia which finally helped to actuate mixing. Even though enhanced mixing could be obviously observed in such magnetism-based approaches, external coil drivers are commonly required in order to generate dynamic magnetic field for cilia motion control. Such requirement of peripheral hardware may lead to a burdensome microfluidic system which would hamper the scope of wide employment for some particular aspects.
Considering the superior properties of magnetism-based approach while avoiding the consequent drawbacks, here we demonstrate that with the convenient application of an on/off external magnetic signal, microfluidic mixing can be rapidly and controllably achieved within milliseconds. With embedded magnetically functionalized micropillars, the fluid field inside the microchannel can be flexibly regulated based on the on/off static magnetic stimulus. In this work, the dimensional parameters of the micropillars have been greatly reduced to 5 μm in diameter and 55 μm in height, which enhances the integration capability of such magnetism-based micromixer to the microfluidic chip. Unlike most magnetism-based micromixers, the presented method requires no sophisticated beating drivers to precisely control the motion of the micropillars for mixing activation, which provides researchers a facile mode for on-chip rapid and controllable bio/chemical assays.
Experimental Procedure Design Principle
The overall 3D architecture of the micromixer is presented in Fig. 1a . The microfluidic device contains two liquid inlets (A and B), one shared outlet, and a straight microchannel with integrated magnetically functionalized polydimethylsiloxane (PDMS) micropillar arrays. The covering length of micropillars along the x direction is about 6 mm. The diameter (D) of each micropillar was set to be 5 μm while for pitches (P) between two adjacent pillars, we have designed three kinds of micromixers, namely of 15 μm, 25 μm and 35 μm. relatively small size when compared to the channel width (200 μm). As a consequence, fluids pass by the symmetrically arranged micropillars without obviously enhanced mixing and the mixing efficiency is dominated by diffusion. However, when magnetic field is applied (MF ON), the magnetic force reorients the free ends of the PDMS micropillars owing to the elastic characteristic. The orientation of the applied MF was along the y direction of the microchannel. Thanks to the small gaps between the elastic micropillars, they tend to touch the neighboring ones during the bending process and produce a random and disorganized configuration inside the microchannel (as given by the blue dots). The induced disorder and asymmetry lead to different resistance to the incoming flow along the microfluidic channel such that fluids tend to find the path with lower hydrodynamic resistance [33] .
The consequence is that fluid flow was distorted and lateral mass transport can be extensively enhanced when fluids pass by the micropillar region. Thus, the mixing efficiency will be raised upon MF triggering. While retracting the MF, the pillars return to their original vertical and ordered position and fluids pass by with molecular diffusion only.
Through this means, the mixing/non-mixing convertibility can be simply regulated by applying a static on/off external magnetic field at will without complicating the whole system. In this experiment, the MF is provided by an NdFeB permanent magnet (diameter of ~ 2 cm, magnetic flux density of about 200 mT at a distance of 2 mm from the surface). Mixing would be actuated by simply placing a magnet closely under the microfluidic chip and ceased by removing the magnet from the microfluidic system.
Fabrication of microchip with embedded magnetically functionalized PDMS micropillars
The magnetically functionalized PDMS micropillar arrays, integrated inside the microfluidic channel, were fabricated through a casting replica process ( volume × 100%). To promote the dispersion of nanoparticles, the suspension was agitated in the ultrasonic bath (2510 E-DTH, Branson) for 3 hours before use. After that, a drop of 1mL of the suspension was loaded onto the patterned region. A strong permanent magnet (size of 1 × 1 inch) was simultaneously attached closely to the back side of the silicon mold and kept swirling for 2mins around the patterned region to assist filling of nanoparticles into microholes. Then, the magnet was quickly removed with unfilled nanoparticles from the patterned region. The unfilled nanoparticles were then carefully scrapped from the mold by Kimwipes paper.
iii) Fabrication of PDMS micropillars.
PDMS base mixed with curing agent at 10:1 ratio was poured over the patterned region of the mold and placed in the vacuum oven for de-gas, to force the air trapped inside the microholes out so that PDMS gel could completely fill in the microholes. The PDMS and the mold were then placed on the hotplate to cure at 100 °C for 8 minutes. After curing, the PDMS layer was gently peeled off in ethanol solution and kept inside the ethanol for ease of releasing and sustaining micropillars at the same time.
Finally, the PDMS chip was dried in a CO 2 supercritical point dryer machine (Automegamdri-916B series C, Tousimis) to prevent the micropillars from collapsing during the drying process induced by the capillary force. iv) Microchannel sealing.
Plasma bonding (Harrick Plasma, PDC-002) was introduced to seal the microfluidic channel.
During the plasma bonding process, the micropillar region was covered by a small piece of PDMS in order to prevent damage to the microstructure. After 2 mins of plasma bonding, the microchannel was tightly bonded to another flat PDMS slab. A 10 mins soft-baking process (100 °C) concluded the total fabrication process.
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Published 3c shows the flow pattern of fluorescent nanoparticles inside the microchannel without micropillars.
The figure clearly shows that the nanoparticles all followed the flow field which exhibited an almost completely laminar characteristic. When passing by the random arranged pillar arrays, the nanoparticles interacted with disordered pillars leading to a multi-directional motion of the particles in the microchannel (the right image of Fig. 3c ). This phenomenon also convinced us that disordered micropillar arrangements could markedly distort the flow field and enhance the lateral redirected fluid activity.
Mixing efficiencies under different flow rates
To systematically demonstrate the mixing performance of the presented micromixer controlled by increased flow rates. A possible explanation is that for fixed pitch between the micropillars, the Reynolds number of the microfluidic system will be mainly affected via the volumetric flow rates. At low flow rates, Reynolds number was relatively small and in this case, mixing was dominated by diffusion even though with the chaotic advection [33] . As a result, mixing efficiency gradually decreased with increased flow rates due to the reduction of residence time, for which a slight increase of MI can be found from both graphs. However, with relatively higher flow rates within range of 1.0 ml/h ~ 5.0 ml/h, higher Reynolds number will lead to the outcome that chaotic advection became dominant for mixing performance when compared with molecular diffusion. In addition, the chaotic advection slightly enhanced with increased flow rates. As a consequence, MI gradually decreased with the increase of the flow rates.
Furthermore, it was also found that almost complete mixing can be achieved within a wide range of flow rates (0.1 ml/h ~ 5 ml/h) for the smallest pitch (15μm). This is because with such a high density of micropillars, chaotic advection between two confluent streams gets more obvious and a higher disorder of the micropillars renders a better transverse mass transfer in this condition.
iii) As shown in Fig. 5 , the mixing performance with various pitches of the micropillars differs from each other under a particular flow rate. In order to figure out the effect of the pitch on the mixing performance, we introduce the Reynolds number (Re) to investigate the relationship between the pitch and the mixing outcomes. Here we would discuss about the Re of the micropillars which play an important role in defining the mixing index. The Reynolds number of the micropillars is given by (2) l Re
where l is the characteristic diameter of the investigated pillars, υ is the average velocity, and ν is the kinetic viscosity. As l and ν are constants in our microfluidic system for all three types of micromixers, Re of the micropillars will be mainly affected by the involved velocity. With a relatively smaller pitch, more micropillars can be placed across the cross-section of the microfluidic channel. This means that the localized velocity of the fluid flow will increase due to the more compact design of obstacles inside the microchannel. Consequently, the Reynolds number will relatively increase with the decrease of the pitch for a given flow rate. By this means, the mixing performance will be correspondingly better with a smaller pitch between pillars due to the higher values of Re. In addition, for the case of smaller pitch, more arranged micropillars inside the fluid channel will favor a higher degree of lateral inside the microchannel can help to generate more enhancements to the mixing efficiency.
Rapid and controllable mixing
To precisely characterize the controllable mixing performance, a computer-regulated manipulator was adopted to control the magnet for triggering mixing without manual operation (Fig. 6a) . It should be noted that the introduction of the manipulator here was only intended to reduce manual error while investigating the mixing performance of our micromixing strategy precisely. A permanent NdFeB magnet with diameter of 2 cm was horizontally placed on a steel plate whose position can be precisely defined by the preset command. Here, the period of the application and retraction of the magnet is 1.0 s and the pumping flow rate was set to be 0.50 ml/h. In this way, the manipulator functioned as a switch which can turn the MF on or off periodically as defined. For the demonstration, blue ink dye solution and deionized-water were simultaneously injected into the microfluid channel with the same flow rate. Fig. 6b gives typical time-lapse images of the controllable mixing behaviors triggered by magnetic signal. Initially, when magnetic field was absent (t = 0 s), obvious interface between two microstreams was observed. With application of the magnetic field, it could be clearly found that mixing was quickly enhanced within milliseconds. After we withdrew the magnetic field (t = 0.5 s), the two microstreams returned to the original state without enhanced mixing. Furthermore, with the existence of magnetic field (t = 1.0 s), mixing was actuated again as shown in the series of the images (from t = 1.0 s to t = 1.5 s). 
Conclusion
In this work, we successfully demonstrated the capacity of rapid and controllable mixing by introducing magnetically functionalized PDMS micropillars without any sophisticated beating equipment. With response to simple application/retraction of magnetic stimulus, the embedded PDMS micropillars were successfully introduced to regulate fluid flow and thus control the final mixing degrees.
The mixing performances of three micromixer types, namely pitches of 15 μm, 25 μm and 35 μm, were comprehensively investigated within flow rates from 0.10 ml/h to 5.0 ml/h. It was shown that smaller pitch can induce better mixing efficiency with application of a magnetic field. In addition, for the smallest pitch of 15 μm, almost complete mixing was well observed for the covering flow rates studied. Finally, a computer-regulated manipulator was introduced for applying to or removing the magnetic field from the microfluidic system by precisely controlling the position of the permanent magnet. The purpose of replacing manual operation was to accurately study the response time as well as the reproducibility of our proposed micromixer design. It was found that the magnetically functionalized pillars could response swiftly to the external MF stimulus within milliseconds and reverted to the initial status once the magnetic field was retracted.
To trigger microfluidic mixing without any elaborate implements, our approach provides an easy-handling and controllable scheme implied with a portable magnet. Moreover, the way of manual operation renders a more straightforward and feasible microfluidic system for real world applications.
The methodology described here is particularly beneficial as superior mixing efficiency can be achieved for wide flow rate ranges with highly repeatable performance. We believe that this convenient MF-based mixing avenue can be well applicable to diverse on-chip biological or chemical assays.
